were fitted to five thin-layer drying models and it was found that the Page and Logarithmic models gave better fit that the other models. Values of the effective diffusivity ranged from 7.374 ´ 10 -11 to 2.148 ´ 10 -10 m 2 /s. Activation energy for moisture diffusion of the banana slices was found to be 32.65 kJ/mol. Currently, sun drying is still the most widely used method. However, it has some problems related to the contamination with dust, soil, sand particles and insects, and being weather dependent. Also, the required drying time in this drying technique can be quite long. [7] Therefore, using solar and hot-air dryers, which are far more rapid, providing uniformity and hygiene, are inevitable for agricultural drying processes. [8, 9] Recently, there have been much research on the drying characteristics of various vegetables and fruits, such as strawberry, [8] peach slices, [9] apricot, [10] kiwi fruit, [11] tropical fruits, namely kiwi, avocado and banana, [12] fig, [13] green mango, [14] tomato, [15, 16] golden apple, [17] and red apple. [18] However, studies on banana drying in literature are scarce. Drying of bananas was done by hot air, but temperatures and air velocities differed greatly depending on the laboratory. Nguyen and Price [19] investigated the effect of air temperatures ranging from 30 to 70°C and at air velocity of 1 m/s on drying kinetics of banana slabs. Demirel and Turhan [4] dried banana slices at temperatures ranging from 40 to 70°C and at air velocity between 3.1 and 3.6 m/s. They investigated the effect of pretreatment solutions on drying behavior of banana slices. Baini and Langrish [20] dried banana slices in a tunnel dryer at 60 and 80°C. They reported that the Fickian diffusion model had a good fit the experimental data. Dandamrongrak et al. [6] dried banana samples at 50°C with an air velocity of 3.1 m/s. They reported that the two-term exponential model was found to be the best model for describing the drying curves. The aim of this work was (1) to observe the effect of air drying temperature on the drying rate and time;
INTRODUCTION
Bananas are among the oldest and the most valued crop plants of the tropics and subtropics all over the world. India is the largest producer of the banana in the world. Other major producers include the Philippines, China, Ecuador, Indonesia, Tanzania, Mexico, Thailand, and Costa Rica. Banana production in Turkey was 201,115 metric tons in 2008. [1] Banana have a high nutrition value and is a good source of energy due to its high level of starch and sugar, as well as been a source of vitamins A and C, potassium, calcium, sodium and magnesium. It is perishable and cannot be stored for long periods nor can be stored frozen. Therefore, bananas can be dried in order to save the part of the production that will not be readily consumed, since drying is a classical method of food preservation, which provides an extension of shelf-life, lighter weight for transportation and less space for storage. [2, 3] Besides the preservation, drying adds value to banana. Banana chip is one such value-added product with a crispy and unique taste consumed as a snack food and an ingredient in breakfast cereals. [4] Drying can be described as an industrial preservation method in which water content and activity of fruits and vegetables are decreased by heated air to minimize biochemical, chemical and microbiological deterioration. The major objective in drying food products is the reduction of the moisture content to a level, which allows safe storage over an extended period, minimise packaging requirements and reduce shipping weights. [5, 6] Ripe bananas of Cavendish variety were purchased from a local supermarket in Istanbul, Turkey, and used immediately after purchase for each experiment. The initial moisture content of banana slices was determined using a standard method, [21] by vacuum drying at 70°C for 24 h over a magnesium sulfate desiccant. This was repeated three times to obtain a reasonable average. The initial moisture content of the samples was 73.2 ± 0.5% (w.b.).
Experimental Procedure
Drying experiments were carried out using a hot air dryer (APV & PASILAC Limited of Carlisle, England) that is described previously by Doymaz [10] and installed in the Chemical Engineering Department of Yildiz Technical University, Istanbul, Turkey. The hot air dryer was equipped with an electrical heater, adjustable centrifugal fan, drying basket and proportional temperature controller. The air velocity in dryer was measured with Testo 440 vane probe anemometer (Lutron, AM-4201, Taiwan) with a precision of ±0.1 m/s.
The drying experiments were carried out at four inlet temperatures of 50, 60, 70, and 80°C, relative humidity and equilibrium moisture content between 4-25%, and 0.012-0.020 kg water/kg dry matter, respectively ( Table 1 ). The relative humidity and equilibrium moisture content values were determined using wet and dry bulb temperatures of drying air obtained from the psychometric chart. The air temperature in the dryer was regulated to ±1°C using a temperature controller. The air velocity above the product was 2.4 m/s, and air was forced by a centrifugal fan. The flow of the air was horizontal to the product.
DOYMAZ
Before the drying process, bananas were washed, peeled, weighed and cut into 0.5 ± 0.1 cm thick with cutting machine. One hundred grams of ripe bananas were used in each experiment. The dryer was started about 1 h before drying experiments to achieve steady-state conditions. After, the samples were placed on the perforated tray in a thin single layer. The weight loss of the samples was recorded using a Mettler digital balance (Model BB3000) with a range of 0-3000 g and an accuracy of 0.1 g at 15 minutes intervals. Drying of banana was finalized when the moisture content decreased to 20 ± 0.5% (w.b.) [19] from an initial value of 73.2 ± 0.5% (w.b.). By the end of the drying process, the samples were removed, cooled in room temperature for 10 min and sealed in polyethylene bags for storage. The experiments were replicated three times and the average of the moisture ratio at each value was used for drawing the drying curves.
Mathematical Modeling
Moisture ratio data of banana slices were fitted five thin-layer drying models listed in Table 2 . The moisture ratio (MR) and drying rate (DR) of banana slices during drying experiments were calculated using the following equations:
where MR, M 0 , M e , M t , and M t+dt are the moisture ratio, initial moisture content, equilibrium moisture content, moisture content at t and moisture content at t + dt (kg water/kg dry matter), respectively, t is time (min). Table 2 Thin-layer drying models tested for banana slices.
Model name Model equation References
Henderson and Pabis MR = a exp(−kt) [22, 23] Logarithmic [9, 13, 15 ] Page MR = exp(−kt n ) [11, 12, 24] Parabolic [25] Wang and Singh MR = 1 + at + bt 2 [26, 27] MR a kt c = − + exp( )
Statistical Analysis
The regression analysis was performed by the Levenberg-Marquardt procedure in Statistica 6.0 computer program. The coefficient of determination (R 2 ) was primary criterion for selecting the best model to describe the drying curves. In addition to R 2 , root mean square errors (RMSE) was used to determine the goodness of the fit. For quality fit, R 2 value should be higher and RMSE value should be lower. [8, 17, 26, 28, 29] RMSE can be calculated as:
where MR exp,i is the experimental moisture ratio at observation i; MR pre,i is the predicted moisture ratio at this observation; N is number of observations; and z is number of constants.
RESULTS AND DISCUSSION

Drying Curves
The effect of air temperature on drying kinetics is shown in Fig. 1 . As expected, the temperature has a significant effect on drying process. There is acceleration in the drying process due to an increase in the drying temperature from 50 to 80°C. High temperature decreases the relative humidity of the drying air and therefore drying potential increases. In general, the time required to reduce the moisture ratio to any given level was dependent on the drying condition, being the highest at 50°C and lowest 80°C. With drying, the times taken to reduce moisture content of banana slices from the initial 73.2 ± 0.5% (w.b.) to a final 20 ± 0.5% (w.b.) were 525, 360, 285, and 180 min, respectively. As a result, the effect of air temperature has been reflected in drying time. Similar results were obtained for the experimental conditions examined and are in accordance with results obtained for agricultural products. [11, 15, 26, 30] The drying rates versus drying time have been represented in Fig. 2 . It is apparent that drying rate decreases continuously with moisture content. In this figure, there was no constant rate period observed and drying occurred in the falling-rate period. The curves typically demonstrated smooth diffusion-controlled drying behavior under all run conditions. Moreover, an important influence of air drying temperature on drying rate could be observed in these curves. Drying rate increased with the increase of air-drying temperature and the highest values of drying rate were obtained during the experiment at 80°C of the drying air. The results are generally in agreement with the observations of earlier researchers of some food products. [8, 16, 28, 31] 
Selection and Evaluation of the Model
Five thin-layer drying models were used to fit the moisture ratio as a function of drying time ( Table 2) . Table 3 presents the results of non-linear regression analysis of fitting the proposed models to experimental data and comparison criteria used to evaluate goodness of fit namely, R 2 and RMSE. The Page and Logarithmic models provided an excellent fit to the experimental data with a value of R 2 of greater than 0.9991, indicating a good fit. The values of RMSE obtained from the two models were less than 0.03630, which in the acceptable range. Plots of experimental and [11] for kiwi fruit, Ceylan et al. [12] for banana slices, Xanthopoulos et al. [13] for fig, and Sacilik [15] for tomato drying. 
Effective Diffusivity and Activation Energy
The experimental drying data for the determination of diffusivity coefficients were interpreted by using Fick's second diffusion model:
The solution of Fick's law (Eq. [4] ), with the assumptions of moisture migration being by diffusion, negligible shrinkage, constant diffusion coefficients and temperature and for infinite slab [32] :
where, D eff is the effective diffusivity coefficient (m 2 /s); L is the half-thickness of the slab (m); and n is the positive integer.
For long drying times, Eq.
[5] simplifies to a limiting form of the diffusion equation as follows [33] : Table 4 . Effective diffusivity values ranged from 7.374 × 10 −11 to 2.148 × 10 −10 m 2 /s. It can be seen that the values of D eff increased greatly with increasing temperature. The values reported herein are within the general range of 10 −9 to 10 −11 m 2 /s for agricultural products. [34] Similar variations were also observed during drying of mango slices, [14] banana, [6, 20] kiwi fruit, [11] and red apple. [18] These values are consistent with the present estimated D eff values for banana slices.
The activation energy that expresses the dependence of the diffusion as a function of the temperature was calculated by the Arrhenius equation [35] :
where D 0 is the constant in Arrhenius equation (m 2 /s); E a is the activation energy (kJ/mol); T is temperature of air (°C); and R is the universal gas constant (kJ/mol K). Eq. (8) can be rearranged as:
The logarithm of effective diffusivity (D eff ) as a function of the reciprocal of absolute temperature (T) is plotted in Fig. 7 . The plot was found to be essentially a straight line in the range of temperatures investigated, indicating Arrhenius dependence. From the slope of the straight line described by the Arrhenius equation, the value of activation energy were found to be 32.65 kJ/mol. Comparison of activation energy value with those of various agricultural products ( Table 5 ) showed that the value obtained in this study were in good accordance. Moreover, the activation energy value for banana slices was within the general range of 15 to 40 kJ/mol for various food materials. [37] k D L eff 0 
CONCLUSIONS
The effect of temperature on thin-layer drying of banana slices in a hot air dryer was investigated. Increasing air temperature significantly reduced the drying time of the banana slices. The entire drying process occurred in falling rate period. The values of effective diffusivity for drying at 50-80°C of air temperature and 2.4 m/s of air velocity ranged from 7.374 × 10 −11 to 2.148 × 10 −10 m 2 /s, with the increase in drying temperature. Temperature dependence of the diffusivity coefficients was described by Arrhenius-type relationship. The values of activation energy were found to be 32.65 kJ/mol for banana slices. Five thin-layer drying models have been analyzed for their suitability in defining the drying of banana slices. Goodness of fit of the experimental data by the proposed models was determined by comparing determination of coefficient and root mean square errors. The Page and Logarithmic models were found to satisfactorily describe the thin-layer drying kinetics of banana slices. [14] Sweet potato 18.21 [30] Kiwi fruit 27.00 [11] Red apple 19.95-22.62 [18] 
